Background: Human neutrophils are sequestered by pig lung xenografts within min-
| INTRODUCTION
The shortage of human organ donors remains a major limitation constraining the therapeutic potential in the transplantation field.
Xenotransplantation, and in particular, the use of pig organs for human transplantation, is an attractive potential solution. Control of antibodyand complement-dependent rejection has been improved with α1,3 galactosyltransferase knockout (GalTKO) and transgenic human complement regulatory protein (such as CD46 or CD55) expression in genetically engineered (GE) pigs. However, despite these modifications, inflammation limits overall survival in preclinical large animal xenograft models, 1 and lung xenografts prominently feature very rapid neutrophil sequestration. [2] [3] [4] Neutrophil adhesion and transendothelial migration have been well characterized in the context of inflammatory diseases and tissue injury from various causes including ischemia-reperfusion injury. 5 Classically, neutrophil adhesion to endothelial cells involves three discrete phases: rolling, firm attachment (arrest) and transcellular or paracellular migration. Rolling is mediated primarily by selectins, while arrest and transmigration both require activated CD18
integrins. 2 Interleukin 8 (IL-8, also known as CXCL8) is a potent proinflammatory chemokine that plays a key role in the recruitment and activation of neutrophils during inflammation in a variety of contexts. 6, 7 IL-8 gradients attract neutrophils toward sites of injury or infection, while also activating neutrophil integrins and increasing their selectin expression. 7 Neutrophil recruitment out of the blood stream into inflamed tissue is specifically dependent upon the expression, activation and binding of the β2 integrin family members LFA-1 (lymphocyte function-associated antigen 1) and macrophage-1 antigen (Mac-1, CD11b/CD18) which bind to intercellular adhesion molecule (ICAM-1). IL-8 enhances neutrophil recruitment by stimulating amplified expression of β2 integrin complexes on neutrophils. In addition, IL-8 triggers β2 integrin-mediated arrest of rolling neutrophils in vivo by stimulating increased expression of CD18 on the cell surface.
Remarkably, neutrophil-endothelial cell adhesion receptor pair interactions generally function physiologically across the human-pig species barrier.
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IL-8 bioactivity is mediated through two G-protein-coupled receptors, named CXCR1 and CXCR2. CXCR1 is used almost exclusively by IL-8, whereas CXCR2 is used by nearly all CXC chemokines. 11 CXCR2
responds to low concentrations of IL-8 and is principally associated with chemotaxis and MMP-9 release. CXCR1, in contrast, responds to high concentrations of IL-8 and is associated with respiratory burst and phospholipase D2 activation. Thus, CXCR2 ligation induces leukocyte adhesion to activated vascular endothelium and migration to sites of inflammation, while CXCR1 ligation primes neutrophil antimicrobial activity. 12 Under physiological conditions, IL-8 could exist as monomers, dimers or a mixture of monomers and dimers. Therefore, both forms of IL-8 could interact with CXCR1 and CXCR2 with different affinities and potencies to mediate different cellular responses.
Activation of both CXCR1 and CXCR2 can be inhibited by the noncompetitive allosteric inhibitor Reparixin (IC 50s = 1 and 100 nmol/L, respectively). 13 Endothelial cell activation and neutrophil infiltration are features consistently associated with xenograft rejection between "discordant" species, which are typically characterized by the presence of preformed "natural" antibodies in the recipient's blood that bind to donor antigens. 14 In vitro studies using endothelial cells from wild-type (WT) pigs demonstrated that human serum, as a source of xeno-reactive natural antibodies and complement, induced endothelial cell activation with consequent neutrophil adhesion under static 14 and flow 15, 16 conditions. Human neutrophils also directly recognize xenogeneic endothelium, independent of xeno-reactive natural antibody and complement. The reason behind this is not fully understood. 14, 17, 18 Pig IL-8
mediates pig-to-human xenogeneic neutrophil interactions based on observations using WT pig endothelial cell supernatants in chemotaxis and intracellular calcium assays. 19 Interestingly, baboon IL-8 levels are elevated after pig-to-baboon artery patch transplantation, but not after pig heart or kidney organ xenotransplantation.
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Sequestration of human neutrophils is a prominent finding after ex vivo perfusion of pig lungs, 21 and is not prevented despite multiple genetic modifications. 22 Here, we evaluate the hypothesis that IL-8 elaboration is associated with, and potentially mediates, neutrophil sequestration in several pig-to-human lung xenotransplant models. We report that the chemokine IL-8, of primate (human or baboon) and pig Our results suggest an important role for IL-8 during xenogeneic lung injury, one which has not previously been studied. 
| MATERIALS AND METHODS

| Animals
| Lung harvest, ex vivo perfusion, and in vivo transplantation procedures
Anaesthesia protocol and the harvest of the lung xenograft were performed as previously described. 23 In brief, prior to flushing the lungs, heparin (500 U/kg, MWI, Boise, ID, USA), 1-benzylimidazole (BIA,5 mg/kg BW; a thromboxane synthase inhibitor; Sigma-Aldrich, St. Louis, MO, USA) and synthetic prostaglandin I 2 (Remodulin, 0.06 mg/kg, United Therapeutics, Silver Spring, MD, USA) were administered intravenously and allowed to circulate for several minutes.
After procurement, the right and left lungs were surgically divided and perfused separately via the pulmonary artery using side-by-side circuits fashioned from silicon tubing and polyurethane connectors as previously described. 23 GalTKO.hCD46 (n = 5) and GalTKO.hCD46.
hCD55 (n = 5) transgenic pig lungs were perfused with heparinized (3 U/mL perfusate) fresh human blood in an ex vivo circuit as previously described. 2, 21, 23 Surgical aspects of the auto-(n = 1), allo-(n = 2) (non-xeno controls) and xeno-lung (n = 19) in vivo transplantation procedures in baboons have been reported in detail. 23 Xeno-lung in vivo transplantation utilized pig lungs that are genetically modified, either for 3-genes (GalTKO.hCD46.hTBM, n = 2; GalTKO.hCD46.hEPCR, n = 5) or for four added genes (including hCD55, hTBM, hTFPI, hEPCR, HO-1, hCD47, and hCD39 in various combinations n = 6, seen in 
| Real-time RT-PCR
Total RNA was extracted from lung tissue before ("Pre-perfusion") and after 30 minutes and 4 hours of ex vivo perfusion from untreated GalTKO.hCD46 lungs (n = 7) using the Qiagen (Valencia, CA, USA)
RNA isolation kit (RNeasy Mini kit) according to the manufacturer's protocol. RNA purity was established with the 260/280-nm absorption ratio. 2 μg total RNA was reverse-transcribed using Superscript IV VILO MasterMix (ThermoFisher, Halethorpe, MD, USA). The resulting cDNA (20 ng) was amplified using real-time PCR using ABI Prism 7900HT cycler using primers specific for pig IL-8, human IL-8 and pL32.
Relative gene expression was calculated using the ΔCt method (Ct gene of interest-Ct housekeeping gene (pL32)), where Ct refers to the cycle number at which the PCR product for a particular gene is detected. The housekeeping gene, pRPL32, was used as an internal control.
| Cloning, expression and purification of recombinant IL-8
Pig IL-8 was expressed as a fusion protein from the plasmid vector WI, USA). The cleaved protein was purified using reverse-phase high-performance liquid chromatography, and fractions were checked for purity by SDS-PAGE and MALDI-TOF. We also measured the NMR spectrum to ensure that the protein is properly folded. 24, 25 (Data not shown). The protein fractions were lyophilized and stored at −20°C until further use. Human IL-8 was expressed and purified essentially as described for pig IL-8. Both human and pig IL-8 used in our experiments came from a single batch. Purity of both chemokines was confirmed from mass spectrometry, and low endotoxin levels were verified as previously. 26 
| Endothelial cell isolation and culture
For static and flow neutrophil adhesion assays, primary pig aortic EC (pAECs) isolated from pig aortas were grown in culture medium (10% heat-inactivated FBS, 0.15 mg/mL gentamicin, 25 ng/mL fungizone,
Cells were used after two to eight passages at 80%-95% conflu- 
| Neutrophil isolation and activation
| Flow cytometry staining
| Static adhesion assays
GalTKO.hCD46 primary pAECs and human aortic endothelial cells images were obtained every 60 seconds of each channel's perfusion chamber by fluorescent microscopy (Zeiss) using 100-ms exposure.
| Bioflux flow adhesion assays
Adhered neutrophils were counted after processing of the data using a counter system on the ImageJ system (National Institute of Health, Bethesda, MD, USA). Counts from both fields of view were recorded in each chamber every minute for 20 minutes. Two fields from two replicate wells were analysed in each experiment, and results were expressed as the average of readings from three independent experiments performed with three different human blood donors. 
| Statistical analysis
| RESULTS
| Plasma IL-8 increases during ex vivo lung perfusion
Human IL-8 levels were consistently low (<10 pg/mL) in baseline human perfusate, and increased to ~25-100 pg/mL after 60 minutes of ex vivo perfusion of GalTKO.hCD46 (P = .02) and GalTKO.hCD46. 8249 ± 1805 pg/mL) was greater than the increase seen for human IL-8 (GalTKO.hCD46: 834 ± 254 pg/mL, P = .03; GalTKO.hCD46.
hCD55: 1637 ± 227 pg/mL, P = .005).
Xenogeneic pig lung perfusions exhibited dramatically decreased circulating neutrophil counts overtime. After the first hour, only 22%
and 11% neutrophils were left in the human blood perfusate in association with GalTKO.hCD46 and GalTKO.hCD46.hCD55 pig lungs, respectively ( Figure 1 , right panel).
| IL-8 mRNA increases during ex vivo lung perfusion
Pig IL-8 mRNA increased 2-fold at 30 minutes and 10-30-fold after 4 hours of ex vivo perfusion of GalTKO.hCD46 lungs with human blood ( Figure S2 ). Moreover, pig IL-8 transcripts were much more abundant (ΔCT = 3 and −1 at 30′ and 240′) than human IL-8 transcripts (ΔCT = 8 and 2 at 30′ and 240′). Figure 3D ).
| Recipient IL-8 increases after in vivo lung transplantation
| IL-8 increases adhesion of human neutrophils to pAECs
Under static conditions, the adhesion of naïve human neutrophils to human or pig GalTKO.hCD46 aortic endothelial cells was similar 76.2 ± 3, P < .0001). Neutrophil activation with pig IL-8 similarly increased cell adhesion to both human and pig AECs, with a larger effect on pig AECs (P < .001). When neutrophils were activated with pig IL-8 F I G U R E 2 IL-8 release during in vivo lung transplantation. Plasma levels of baboon (left) and pig (middle) IL-8 from in vivo orthotopic left lung transplant recipients. Lungs were procured from GalTKO.hCD46 pigs that express either one or two additional complement, coagulation, or anti-inflammatory genes (top, A) (3-gene GalTKO.hCD46.hTBM, n = 2; GalTKO.hCD46.hEPCR, n = 5) or four added genes (middle, B) (including hCD55, hTBM, hTFPI, hEPCR, HO-1, hCD47, and hCD39 in various combinations: 6-gene pigs, n = 6) as described in Methods and Table 1 . Three non-xenogeneic controls (bottom, C) include one autologous lung transplant (dashed line) and two allogeneic lung transplants (solid lines) in baboons. Blood neutrophil counts (right) were expressed as the per cent neutrophils relative to pre-transplant levels (white blood cell counts were used as proxy for one autologous and one allogeneic control). *P = .02, vs time 0, **P < . 
| IL-8 mediates neutrophil activation, oxidative burst and adhesion to pAECs
To determine the effect of IL-8 on neutrophil function, isolated human neutrophils were incubated with Reparixin before activation with pig or human IL-8 (8 ng/mL). As shown in Figure 6 , neutrophil activation, as CD11b, CD18 staining and ROS release, was decreased by CD11b expression (57 ± 0.3%), CD18 activation (76 ± 3%) and ROS (63 ± 10%). Similar results were seen with activation of human neutrophils by pig IL-8; however, there was slightly lower inhibition of CD11b expression (49 ± 1%) and CD18 activation (69 ± 7), whereas ROS was inhibited to the same level.
Finally, the adhesion of human neutrophils activated with 8 ng/mL of pig or human IL-8 to either resting ( Figure 7A ) or TNF-activated pAECs ( Figure 7B ) was inhibited by pre-treatment with Reparixin (0.1 mg/mL) under flow conditions. Inhibition was higher with activation by human IL-8 (resting: 87 ± 2, TNF: 75 ± 2) vs pig IL-8 (resting: 80 ± 2.5, TNF: 70 ± 2) (P < .0001). These results
show that IL-8 mediates the activation and xenogeneic adhesion of human neutrophils
| DISCUSSION
In this study, we find that IL-8 is elaborated during ex vivo perfusion of genetically modified pig lungs with human blood, and is largely of pig origin. The elaboration of pig IL-8 is low one hour after ex vivo perfusion is initiated, and is markedly increased by four hours. In contrast, pig IL-8 levels remain low in the in vivo lung transplant model.
Meanwhile, "recipient" (baboon or human) IL-8 increases overtime in both ex vivo and in vivo lung transplant models.
The host's innate immune system perceives the presence of "discordant" organ xenograft as "non-self." and accordingly releases multiple cytokines and chemokines that recruit leukocytes, 7 a response teleologically designed to eliminate the insult and initiate tissue repair.
Moreover, it is well established that multiple chemokines including IL-8 are released in response to organ reperfusion injury and recruit neutrophils, 5,7,27 a proinflammatory response which is presumably F I G U R E 4 IL-8 increases adhesion of human neutrophils to pAECs. The adhesion of human neutrophils to resting or TNFactivated human (black bars) or pig (gray bars) aortic endothelial cells was measured under static conditions. Two replicate wells with the same endothelial cell source and same human blood donor were analysed in each experiment. Results were expressed as the mean ± SD of per cent neutrophil adhesion from duplicates wells readings in 2-3 independent experiments performed with AECs from 2 different individual donors and human blood from 2-5 different donors. *P < .0001 vs hAECs, ^P < .0001 vs medium and monotherapy, ˠP < .01 vs medium, ˠˠP < .01 vs hIL-8 The low levels of pig IL-8 in vivo could also be a result of the antiinflammatory drugs given to the recipients and donors (Table 1 ).
Drugs such as steroids and C1 Inhibitor have well-studied antiinflammatory activities. [30] [31] [32] The difference in outcomes between the ex vivo perfusion and the in vivo transplantation experiment points to a possible explanation of a local (organ-associated) vs a systemic (whole body) effect. Alternatively, the upstream triggers for pig IL-8 elaboration may be significantly stronger in the pig-tohuman lung perfusion model due to the presence of anti-Neu5Gc
antibodies present in human blood, but not in baboons.
The reason for the relative heterogeneity of IL-8 levels between individual experiments is not clear. All pig lungs were harvested using standard surgical procedures with approximately the same ischemia time, except for one animal, for which lungs were harvested off site. As IL-8 levels were in the lower range for that experiment, differences in ischemia do not appear to drive differences in IL-8 levels. In vivo, some heart (days 21, 26 and 28) or kidney (days 6, 9 and 10) xenotransplantation. 20 Interestingly, they observed high levels of baboon IL-8 pre-transplantation (200-2000 pg/mL), presumably associated with their treatment regimen, and not attributable to the xenotransplant procedure, or related to immune events. In contrast, we found generally lower baseline levels (30-500 pg/mL) and a consistent and significant increase 4 hours after lung transplantation (600-3000 pg/ mL). Interestingly, baboon IL-8 declined at later time points, suggesting that IL-8 elaboration is more prominent in the perioperative period. Consistent with our current findings, we previously described increased plasma levels of human and pig IL-8 after ex vivo GalTKO lung perfusions. 21 Similarly, in an ex vivo perfusion model of WT or GalTKO.hCD46.HLA-E pig forelimbs, Bongoni et al reported low levels of IL-8 at baseline which increased after 12 hours to a peak of 1000-15 000 pg/mL, 38 levels similar to those we observe at 4 hours in our ex vivo lung perfusion model.
In lung allotransplantation studies, a direct correlation was shown between increased IL-8 levels in bronchoalveolar lavage (BAL) and the amount of donor lung injury at the time of transplant, as well as an inverse correlation with quality of postoperative graft performance. 39 The robust production of IL-8 we observed illustrates the intensity of 
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